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RADIOLYSIS OF WATER IN SEALED ALUMINUM CAPSULES -
ITS PREDICTION AND INHIBITION
by Dean W. Sheibley

Lewis Research Center

SUMMARY

This report presents the results of an investigation into methods of inhibiting the
radiolysis of water in sealed aluminum capsules in the Plum Brook Reactor of NASA.

Experimental design techniques are employed to identify the measured effects of
eight variables and their interactions which control water decomposition and the result-
ant pressure buildup. Multiple regression analyses are used to develop predictive
models for the pressure rise observed in an inpile capsule system.

Predictive equations are derived for. pressure rise due to the radiolysis of water
with air as a cover gas or with helium cover gas containing air as an impurity or miz-
tures of hydrogen, oxygen, and nitrogen as impurities.

Radiation induced reaction products of nitrogen and oxygen are identified as the key
to radiolysis behavior. The prevention of radiolysis depends on the exclusion of air or
mixtures of nitrogen and oxygen from the system.

Pure inert gases, helium, neon, and argon prove to be satisfactory radiolysis in-
hibitors. This is demonstrated for helium by inpile tests lasting up to 14 days (one
reactor cycle) in the Plum Brook Reactor.

INTRODUCTION

At the Plum Brook Reactor, the use of water in sealed capsules has created opera-
tional problems because of the pressure buildup within these capsules due to the forma-
tion of hydrogen and oxygen gases from radiolysis. A search of the literature through
1968 did not present a clear solution to this problem. Therefore, we decided to perform
an experiment to identify radiolysis inhibitors and develop predictive equations for the
pressure buildup.




This report describes the experiments, the data analysis, and the predictive models.
Then the probable cause of radiolysis is discussed and attributed to radiation induced
reaction products of nitrogen and oxygen. Finally, proof tests with a pure helium cover
gas as a radiolysis inhibitor are described.

DESCRIPTION OF THE EXPERIMENT

A capsule system was designed to simulate the aluminum ''rabbit’’ capsules which
are used for many reactor irradiations. The capsule system consisted of a 6061-T6
aluminum capsule with three delivery lines and two thermocouples. The capsule volume
was 28 milliliters and the total system volume was 90 milliliters. System pressure and
water temperature were recorded continuously. Gas composition was determined using
gas chromatography before and after irradiation. The design of the capsule system
hardware (ref. 1) was predicated on the requirements of simplicity and flexibility of
operation. Design emphasis was placed on minimizing system volume and on accurate
delivery and recovery of test solutions. The nuclear environment was as follows:

Nuclear environment Range
Gamma heating - W/g 1.6t02.9
Fast flux >0.1 MeV, neutrons/cm>-sec 2x1012 to 7x1012
Thermal flux, neutrons/cmz—sec 0. 95><1014 to 2. 9><1014

[This could produce a pressure rise rate of up to 9200 N/(m)z(sec) (80 psi/hr) based on
the G-values reported by Bebesel and Purica (ref. 2).]

Seven variables were tested while the effects of other variables were held constant
or minimized. The seven independent variables selected were the following: the water
volume; the partial pressures of hydrogen, oxygen, and nitrogen; the reactor power;
eclatinum metal; and cadmium sulfate in solution.

Hydrogen was selected because it is a proved radiolysis inhibitor. Oxygen and
nitrogen are the major components of air and in a radiation environment are potentially
reactive. Cadmium sulfate was used since it was the most promising soluble inhibitor
found in the literature (ref. 3). And platinum metal is a catalyst for hydrogen and oxy-
gen recombination reactions. The capsule water volume and the reactor power are
capsule system variables.

These seven variables were controlled at several levels each. In addition, conirol
rod motion in the reactor introduced a measured but noncontrolled eighth variable into



the experiment. The effects of other variables such as water purity, the surface fo
volume ratio in the capsule, and gas generation from the aluminum-water reaction were
minimized either by judicious design or by prior chemical treatment.

In addition to the seven variables, we also evaluated separately the effects of neon,
argon, and nitrous oxide. We did not test the effects of krypton or xenon nor the effects
of air impurity in neon and argon.

Factorial experiment design techniques were selected for testing the large number
of variables. However, due to significant block effects, simple design technigques were
not adequate. Therefore, a special ''double telescoping'' blocked experiment design
technique was used for the experiment test program. This technique and the detailed
statistical design have been previously described in references 4 and 5.

DATA ANALYSIS

Figure 1 shows typical pressure-time behavior of experiment irradiations. The
rate of pressure rise normally was linear to approximately 36 hours. The rate then
decreased and gradually leveled off. Region A behavior is typical of cover gases of
air and of mixtures of hydrogen, oxygen, and nitrogen in helium. Region B typifies
behavior of pure helium, hydrogen, oxygen, or nitrogen alone, or mixtures of helium
with oxygen, nitrogen, and hydrogen separately.

We chose to predict pressure as a function of time: a linear rate of rise to
36 hours, and nonlinear rise beyond 36 hours. We analyzed the pressure-time data
from all test program treatments using a multiple linear regression analysis computer
program called RAPIER (ref. 6). A "backward rejection'' option was used where terms
of a predictive model determined insignificant by various statistical tests are deleted
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sequentially from the model until all terms remaining are acceptable at some pre-
selected level of significance.

Our goal was to derive predictive models for the following conditions:

(1) Pure helium as a cover gas

(2) Helium cover gas with air impurity

(3) Helium cover gas with mixtures of hydrogen, oxygen, and nitrogen

(4) Air or mixtures of nitrogen and oxygen as the cover gas.

The linear and nonlinear equations to predict pressure are, for irradiations up to
36 hours,

P, = Py+ag+ a.l(rflt) (1)

and, for irradiations between 36 hours and 300 hours,

P, = Py + ag + 2, (fit) + ap@@t?) + ag(@t’) (2)
where
E?t absolute pressure at time t, psia
Py initial absolute pressure (range, 20 to 40 psia), psia
a constant term from regression analysis (amount by which the equation

misses passing through PO)
81,289,329 regression coefficients

predicted linear rate of pressure rise up to 36 hr

25

t length of irradiation

These equations, which predict pressure in psia only, were based on r§1, the linear
rate of pressure rise up to 36 hours. The observed rate of pressure rise of experi-
mental treatments was calculated from a least squares fit of pressure-time data taken
at 4-hour intervals from 4 to 36 hours. For each study, we derived equations to esti-
mate m as a function of the independent variables, their higher degree terms, and
interactions. The polynomial equation used to predict m is of the form

~ 9 9 5
m = ;@@ + BEXI + ﬁzXz + .. .+ lel + Bllxl + 1322X2 + .. . + Bllxl + B].ZX]_XZ
+BygXiXg . . o F ijxixj +. 0 .+ B1ogX XgXg + . . . Bijkxixjxk +€ (3)

where the x's are the independent variables, and the B's are the coefficients to be



TABLE I. - RANGES OF VARIABLES FOR VARIOUS
EXPERIMENT PROGRAMS

[Reactor control rod bank height, 40 to 60 cm (16 to 30 in.);
starting bank height for each irradiation indicated by
blocked experiment design.]

Variables Range
Pure helium
Water? volume, ml 5to 15
Initial pressure, N/m?2 (psia) 1.4x10° to 2.8x10° (20 to 40)
Reactor power, MW 40 to 60

Helium with air impurity

Water® volume, ml 5to 15

Pressure, N/m” (psia):
Oxygen 0to 1.4x10% (0 to 2)
Nitrogen 0 to 2. 8x10% (0 to 4)
Helium 1. 4¢10° to 2.8x10° (20 to 40)

Reactor power, MW 40 to 60

Pla.tinumb Not present to present

Helium with hydrogen, oxygen, and nitrogen impurities

Water® volume, ml 5to 15
Pressure, N/m2 (psia):
Hydrogen 0 to 4.2x10% (0 to 6)
Oxygen 0to 1.4x10% (0 to 2)
Nitrogen 0to 5.6x10% (0 to 8)
Helium 1. 4x10° to 2. 8x10® (20 to 40)
Reactor power, MW 40 to 60
Platinurnb Not present to present
Cadmium sulfate® Not present to present
Air
Water? volume, ml 5to 15
Pressure, N/m2 (psia):
Oxygen : 2.8x10% to 5. 6x10% (4 to 8)
Nitrogen 1.12x10° to 2. 24x10° (16 to 32)
Reactor power, MW 40 to 60

4Ppeionized water quality: conductivity <1 pmho/ml; pH 6 to
7. Capsule water temperature range: 328 to 352 K (1300 to
170° F.)

bDimensions: area, 5 cm? (0.77 in.z); thickness, 0.0013 cm
(0. 0005 in. ); weight, 0.150 g (3.3x10™ 4 1n).

CCadmium sulfate solution: 10”2 molar.




TABLE II. - TERMS AND COEFFICIENTS OF PREDICTIVE MODELS FOR

LINEAR RATE OF PRESSURE RISE (EQ. (3))

Regression coefficients Independent variables

Regression coefficients

Independent variables

Pure helium (12 treatments)

Helium with air impurity (24 treatments)

There was no significant pressure rise observed.
No correlation between variables and observed

slopes. Hence, no coefficients and no equation.

Helium with hydrogen, oxygen, and nitrogen
impurities (44 treatments)

BG =15.782 Constant term
8, =-0.293 X,
8, =-2.159 Xg
By =2.734 | x,(xy = 0.667(y5)-1. 0000)
B, =-1.840 | x,(x, = 0.2(y,)-1.0000)
Bs = 0.306 Xg
Bg = -15.150 Xg
B = 0.739 Xq
Byy = -2.008 (xz)z
Byg = 2.173 (x3)§
By =5.488 (x4)
Byg = 3.432 (xg)
Bagg = 3. 456 XX Xp
Baase = -28.826 x3x4/x62
Baa/s)(34/6) = 11-972 (xg%4/%g)
Bra36)(236) = ~1- 732 (x93 g)
Y 11.587 x2x3/x72
Baa/7)(@3/7) =1+ 871 (xgxg/%q)

BO =19.121 Constant term
By =-5.312 %g(xg = 0. 667(y5)-1. 000)
[34:9.925 X4(x4 =O.2(y4)—1.0000)
,85 = 2.605 Xg
'36 =-9.989 Xg
By = -5.455 x72
,833 =-10.013 (X3)
2
644 =13.689 (X4)
Beg = 2- 689 (xg)
By = 1.023 (xq)?
'86’7 =-1.,446 XgXn
,834/7 =-5.157 x3x4/2x7
,855 =0.424 (XS)
Air (20 treatments)
BO =-13.018 Constant term
[31 =-1.409 x4
,83 =-92. 461 x3(x3 = O.O5’7(y3)-1.1’7)
,84 =-98.894 X4(x4 = Q. 05(y2)—1.00-)
[35 =-2.811 Xg
'86 =1.825 Xg
B7 =10.581 X72
333 =-103.529 (X3)
Bay = 32.236 (x,)2
Boq =-2.249 ()
B34 =-106.594 KgXy
3347 =10.583 XoX X
,857 =0.933 XXy

Variable Designation

¥4 Water volume, ml

ayg - Initial hydrogen, N/rn2 (psia)

S‘”ys Initial oxygen, N/m2 (psia)

Ay 4 Initial nitrogen, N/m*“ (psia)

Vs Reactor power, MW

Ve Initial capsule water temperature, K (OF)
ay,i Initial rod bank height, cm (in.)

Coded variables

Coding constants

%1
X9
X3
X4
X5
X6
X

0. 2(y1)—2. 000
0. 25(y2)-1. 000
See individual study
See individual study
0. 1(y5)—5. 000
0. 0901(y6)—28. 495
0.143 (y7)-1. 286

B“C@di,ng constants apply to pressure in psia and rod bank height in inches.




estimated. Coefficients with more than one subscript indicate interactions. The ¢
represents the error. The ranges of independent variables are given in table I.

The terms and coefficients of the predictive models for 1:71, the linear rate of pres-
sure rise, are given in table II. The numerical values of the regression coefficients
are given since they generally indicate the significance and effect on radiolysis. Most
variables were coded so that the low level of the range was -1 and the high level was +1.
The rod bank height and the absolute temperature were coded between +1 and +3 over the
range described in table I. (The air model used a different coding for oxygen and nitro-
gen to provide a better conditioned matrix. As a result, the algebraic sign of the oxyzen
and nitrogen coefficients do not directly indicate their effect on radiolysis. )

The coefficients for equations (1) and (2) for predicting pressure are given in
table II. The coefficients were derived using the pressure difference from P‘é to PO
as the dependent variable and m multiplied by t, t2
able(s). These models predicted the observed values quite well. (The standard error

, and t3 as the independent vari-

TABLE II. - TERMS AND COEFFICIENTS OF EQUATIONS (1) AND (2)

Regression
coefficients

Short term (up to 36 hr) Py = Py+ag+ al(rﬁt)

Helium with air impurity ag = -0.335
ay = 1.077
Helium with hydrogen, oxygen, and nitrogen impurities ag = -1.077
ay =0.922
Air study ag = -6.994
a; =0.8312
Long term (from 36 to 300 hr) Py = Py + ag + a; (fit) + a,0it?) + ag@t’)
Helium with air impurity ag = -0.605
a; =29.725
a =-4.527
ag =0.213
Helium with hydrogen, oxygen, and nitrogen impurities ag=- 1.189
ay = 25.501
ag =-3.888
ag = 0.189
Air study ag=-11.113
ay =24.998
ag =-3.082
ag = 0.121




of the various short and long term models ranged from 5><104 to 10><104 N/m2 (7 to
15 psi).)

The models for predicting the rate of pressure rise behaved well when tested over
the range of variables. The size of the standard error was small compared to both
computed and observed values. (The standard error of the mean ranged from 25 to
54 newtons per square meter - second (0. 23 to 0. 47 psi/hr) for the various models.)
Based on statistical tests and considerations, these models are statistically significant
and are assumed to be valid for use as predictive equations.

DISCUSSION OF RESULTS
Pressure Measurements

The largest linear rate of pressure rise observed in the pure helium study was
12. 6 newtons per square meter - second (0.11 psi/hr). There was no correlation be-
tween the rates of pressure rise and the independent variables. Therefore, no equation
for this case is shown in table II. The small rates of pressure observed probably re-
flect slight differences in water quality, helium gas purity, and capsule system clean-
liness. No significant pressure rise was recorded during a 228-hour irradiation.

Area B (fig. 1) indicates typical behavior.

The helium study with air impurity considered only the effects of air (0 to 12 per-
cent by volume) and other mixtures of nitrogen and oxygen in helium. The coefficients
in table II indicate that nitrogen promotes radiolysis and the temperature and oxygen
inhibit the reactions. (In reality, this effect of nitrogen depends on oxygen also being
present. ) The rate of pressure rise ranged from 9.9 to 384 newtons per square meter -
second (0. 086 to 3. 34 psi/hr) for 0.4 to 12 percent air in helium. Pure nitrogen (12 per-
cent) in helium and pure oxygen (7 percent) in helium produced no pressure rise in 60
and 20 hour irradiations, respectively. With air impurity, pressure-time behavior
generally falls into area A of figure 1.

The mixtures of hydrogen, oxygen, and nitrogen in helium ranged from 0 to 35 per-
cent. Coefficients in iable II indicate that temperature has a strong negative effect.
Nitrogen and oxygen interacting with temperature also have a strong negative effect.

The observed linear slopes had values ranging from 0 to 580 newtons per square meter -
second (0 to 5 psi/hr). The slope proved to be very predictable when helium purity was
less than 95 percent.

The behavior of all treatments in the air study fall into area A of figure 1. As
mentioned earlier, the effects indicated by coefficients in table II are not obvious. The
most significant promotor of radiolysis is the high level nitrogen and oxygen interaction.



Oxygen levels greater than 0 (coded) have a strong inhibitive effect. The cbserved rate
of pressure rise ranged from 115 to 590 newtons per square meter - second (I to 5.1
psi/hr). The longest irradiation in the program lasted 288 hours. Its behavior is in-~
dicated well by the upper limit of area A in figure 1.

From results of the regression analysis and comparison of treatment resulis, cad-
mium sulfate solution and platinum were without effect in inhibiting radiolysis in capsule
system experiments. Capsule system irradiations also showed pure neon and argon to
be equally as effective as pure helium in tests up to 60 hours.

Gas Composition Measurements

The most significant observation from the gas composition measurements was the
apparent depletion of nitrogen gas. This fact plus the appearance of higher degree
terms in the models for oxygen and nitrogen led to an examination of the data fo find the
source of the radiolysis problem.

It is known (ref. 7) that the irradiation of mixtures of oxygen and nitrogen in a
nuclear reactor produces oxides of nitrogen: NZO’ NO, and NO,. We also found that
the irradiation of either pure nitrogen or pure oxygen produced no gas generation in
irradiation tests lasting up to 36 hours.

Several nitrogen oxide formation reactions can be postulated to account for the de-
pletion of nitrogen and the appearance of higher degree terms for exygen and nitrogen:

(¥,0)2 N
(N9)*(05)
and
(No)* \
2N,O + O, = 4NO K, =—"""l— (5)
(N,0)%(0y)

where Ke q represents the equilibrium constant for each reaction.
The NZO molecule can be drawn in several resonance hybrid forms:

- + + =
:N::N::O: ~— =N:O:




The MO molecule may also be considered in valence bond theory as a resonance hybrid
(ref. 8):

. - Tt
N::O: ~— :N::0:

with the form on the left predominating in the gas phase. The NO molecule is an oddity
since it has a free unpaired electron. It is postulated that the NZO and NO molecules,
because of their favorable electronic structures, act as solutes and become involved in
the free radical reactions of radiolysis.

Water decomposition by radiation produces both molecular products and free radi-
cals. Fast neutron radiation favors the formation of molecular decomposition products
(H2 and HZGZJ in addition to the free radical reactions. The latter is related to the
presence of gamma radiation and thermal neutrons. Free radical reactions can either
promote molecular product formation or enhance recombination. The result of the

{100 Percent N,0) (52 Percent nitrogen and

200 48 percent oxygen)
13. 5x10°
180 (Oxygen plus 40 per-
B 21 cent nitrogen)
160—
10,7+
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2 o oxygen)
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§ 120— -
Qo ; 7.9
= 2
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Figure 2. - Measured pressure rise for cover gases of N30 and for various
mixtures of No-Og.



passage of fast neutrons through water is that groups of free radicals are formed close
together along the tracks of the particles. This in effect permits unlike free radicals
(H and OH) to immediately recombine to form water. However, the NZO and/or NO
molecules act as solutes in the irradiated water and may significantly hinder the imme-
diate recombination of unlike free radical pairs. The overall effect of these solutes is
that of a free radical scavenger, that is, to pick up free radicals. These solutes may
even enhance the probability of like radical pair recombination which forms the molecu-
lar product hydrogen and, indirectly, oxygen.

The assumption concerning nitrogen concentration and NZO and NO effects was
tested during the course of the experiment treatments. The behavior of these treatments
can be seen in figure 2. The most significant treatment is 100 percent NoO wherein
pure NZO was irradiated. The effect of increasing nitrogen concentration is very appar-
ent. The effect of pure N20 on the rate of pressure rise is striking evidence of its un-
gquestionable involvement in the radiolysis mechanism. Hence, it appeared that exclu-
sion of mixtures of oxygen and nitrogen should be a satisfactory radiolysis inhibitor for
deionized water (no solutes) in aluminum capsules. A test of this theory was made.

PROOF TEST EXPERIMENT

Pure helium was irradiated in aluminum ''rabbits.'" The longest irradiation lasted
one reactor cycle (14 days). Each rabbit contained 15 milliliters of deionized water and
helium cover gas (purity >99. 6 percent) at an initial pressure of 3. 8><1()5 newtong per
square meter (55 psia). After irradiation, each rabbit was punctured to determine
pressure and hydrogen, oxygen, and nitrogen content. Irradiation greater than 64 hours
showed a small hydrogen production and pressure increase. Postirradiation pressures
ranged from 4. 1><105 to 4. 8><105 newtons per square meter (60 to 70 psia). No gas mix-
ture had a flammable composition. This '"fix'" was definitely effective.

CONCLUDING REMARKS

It is the opinion of the author that the source of the radiolysis problem in this appli-
cation is air and the reaction of its radiation induced products with free radicals. The
"'fix'" using helium should be equally effective with any container material that does not
react chemically with deionized water introducing solutes. Furthermore, the fix should
be effective for larger volumes as well. Based on this reasoning, the use of pure helium
in a larger inpile aluminum system is planned at the Plum Brook Reactor.




SUMMARY OF RESULTS

The experiment program to investigate radiolysis of water in aluminum capsules
produced the following results:

1. Predictive equations are given for the rate of pressure rise due to the radiolysis
of water in the presence of air, or in the presence of helium cover gas containing air as
an impurity or mixtures of hydrogen, oxygen, and nitrogen as impurities.

2. Pure inert gases, specifically helium, are shown to be satisfactory radiolysis
inhibitors.

3. The exclusion of air or mixtures of nitrogen and oxygen will prevent radiolysis
of deionized water in aluminum.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 10, 1971,
122-29,

REFERENCES

1. Sheibley, Dean W.: Design of a Lead-Type Capsule System to Investigate the Radi-
olysis of Water. National Symposium on Developments in Irradiation Testing Tech-
nology. AEC Rep. CONF-690910, Sept. 1969, pp. 690-697.

2. Bebesel, P.; and Purica, I.: Separation of the Effects of Fast Neutrons and Gamma
Radiation on the Radiolysis of Water. Stud. Cercet. Fiz., vol. 12, 1961, pp. 557-
562,

(e}

. Rozenberg, Jean: Etude Des Effets De Certains Absorbeurs De Neutrons En Solution
Sur La Radiolyse De L'Eau. Rep. CEA-R-2794, Commissariat a 1'Energie
Atomique, Saclay, France, 1965,

4. Holms, Arthur G.; and Sidik, Steven M.: Design of Experiments as '"Doubly Tele-
scoping'’ Sequences of Blocks with Application to a Nuclear Reactor Experiment.
NASA TN D-5369, 1969.

5. Sheibley, Dean W.; Holms, Arthur G.; and Sidik, Steve M.: A '"Doubly Telescoping"
Design of a Nuclear Reactor Experiment Containing Eight Variables. National
Symposium on Developments in Irradiation Testing Technology. AEC Rep. CONF-
690910, Sept. 1969, pp. 698-732.

e
B2



6. Sidik, Steven M.; and Henry, Bert: RAPIER - A FORTRAN IV Program for Multiple
Linear Regression Analysis Providing Internally Evaluated Remodeling. NASA TN
D-5656, 1970.

7. Steinberg, Meyer: Chemonuclear and Radiation Chemical Process Research and
Development. Rep. BNL-10020, Brookhaven Nat. Lab., Feb. 19686.

8. Cotton, F. Albert; and Wilkinson, G.: Advanced Inorganic Chemistry. Interscience
Publ., 1962, p. 256.

n
&

NASA-Langley, 1971 — 22 Fo-6465 1




ONAUTICS AND SPACE ADMISTRATION

ASHINGTON, D.C. 20546

FFICIAL BUSINESS
NALTY FOR PRIVATE USE $300

FIRST CLASS MAIL

POSTAGE AND FEES PAID
NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

POSTMASTER:

*

i )
U.S.MAIL
oo s ]

If Undeliverable (Section 158
Postal Manual) Do Not Return

“The aeronautical and space activities of the United States shall be

conducted so as to comtribute . .

. t0 the expansion of human knowl-

edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

— NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

HNICAL REPORTS: Scientific and
«cal information considered important,
te, and a lasting contribution to existing

knowledge.

TECHNICAL NOTES: Information less broad
scope but nevertheless of importance as a
contribution to existing knowledge.

TECHNICAL MEMORANDUMS:
Informarion receiving limited distribution
because of preliminary data, security classifica-
rion, or other reasons.

CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.

TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.

_ Publications include conference proceedings,

monographs, data compilations, handbooks,
sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and

Technology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546





